Most strains of the Mycobacterium tuberculosis complex carry multiple copies of an IS3-like element, and these strains are highly polymorphic with regard to the site of integration in the chromosome. In contrast, Mycobacterium bovis BCG contains a single copy of the insertion element, and in all strains this copy is integrated at the same site in the chromosome. In this study, we determined the sequence of the single-copy insertion element from M. bovis BCG, IS987, and its flanking regions. The analysis of IS987 revealed that this element was virtually identical to the sequence of IS986 from M. tuberculosis. IS987 is located in a region containing direct repeats (DRs). The cloned flanking regions contained 20 virtually identical DRs of 36 bp, each separated by 35 to 41 bp of spacer DNA. Analysis of chromosomal DNA by the polymerase chain reaction revealed the presence of a cluster of 49 DRs, and IS987 is inserted in the 30th DR. Furthermore, the DR sequences were found to occur only in species of the M. tuberculosis complex and not in nine other mycobacterial species tested. Analysis of 14 M. tuberculosis strains revealed the presence of one insertion sequence element in the DR-containing region of eight strains, two insertion sequence elements were located in the DR region of five strains, and one strain did not contain an insertion sequence element in this region. Additionally, the DR-containing regions of these 14 M. tuberculosis strains were polymorphic in length and composition. We conclude that the DR cluster is a specific, hot-spot region for integration of insertion elements in the chromosome of M. tuberculosis complex strains.
Insertion sequences (ISs) and transposons are mobile genetic elements encoding genes which are essential for transposition. Insertion of these elements into structural genes leads to gene inactivation (2, 9) . Insertion elements were first discovered as a result of their strong polar effects due to insertions near the lac (13) and gal (11) operons of Escherichia coli. Mobile elements are known to occur in gram-positive bacteria such as Bacillus (12) and Staphylococcus (1) spp., gram-negative bacteria such as Agrobacterium (20) , Pseudomonas (19) , Rhizobium (22) , Salmonella (10) , and Shigella (15) spp., and archaebacteria (3) .
Mycobacteria have recently been added to the list of insertion element-containing bacteria. Martin et al. (14) have isolated the transposable element Tn6JO from Mycobacteriumfortuitum FC1, encoding sulfonamide resistance. Tn6JO is 4,070 bp in length and is flanked at both sites by an insertion element, IS6100, which shares similarity with the enterobacterial IS6 family. Four copies of IS6100 are present in the chromosome of M. fortuitum FC1, whereas no copy of IS6100 has been found in Mycobacterium bovis BCG, Mycobacterium tuberculosis, or other M. fortuitum strains. Transposition of Tn6JO has been shown to occur in Mycobacterium smegmatis (14) .
The analysis of repetitive DNA in mycobacteria has led to the identification of putative insertion elements. McFadden et al. have isolated a repetitive DNA element, IS900, from Mycobacterium paratuberculosis (17) . IS900 is present in 10 to 15 copies in the chromosome of M. paratuberculosis and some Mycobacterium avium strains (6, 18 (5) .
Analysis of repetitive DNA from M. tuberculosis has revealed the identification of putative IS elements of the enterobacterial IS3 family. Two such elements, IS986 and IS6110, have been characterized, and sequence analysis has revealed them to be virtually identical (16, 27) . The host range of these IS3-like elements is limited to mycobacterial species belonging to the M. tuberculosis complex, and therefore these IS elements are suitable as target DNA for the direct detection of M. tuberculosis in clinical specimens by the polymerase chain reaction (PCR) (8, 26) . Furthermore, these IS elements are an extremely useful tool in the epidemiology of tuberculosis because of the highly variable copy number and the great variability of insertion sites in the chromosome of the different mycobacterial strains. This variability allows easy typing of strains of the M. tuberculosis complex by restriction fragment length polymorphism analysis (8, 30) . In contrast, no such polymorphism was observed among vaccine strains and clinical isolates of M. bovis BCG. All seven M. bovis BCG strains tested contained a single copy of the IS element, and the chromosomal site of integration was identical in these strains (8) . The 
MATERIALS AND METHODS
Bacterial strains, genomic DNA, and plasmids. The bacterial strains and plasmids used in this study are listed in Tables 1 and 2 . Media, reagents, and enzymes were used as described by Thole et al. (28) . The culture of mycobacterial strains and the isolation of genomic DNA were performed as reported previously (7) .
Synthetic oligonucleotides. Oligonucleotides were synthesized by using a DNA synthesizer (Applied Biosystems, Inc., Foster City, Calif.). The oligonucleotides used for Southern blot analysis and PCR are listed in Table 3 and depicted schematically in Fig. 4 . On the basis of the direct repeat (DR) sequence, the 36-bp oligonucleotides DR-r and DR-1 were developed. The previously described synthetic oligonucleotides INS-1 and INS-2 were used for the amplification of the 245-bp fragment of IS986 in plasmid pRP5000 (8) . This DNA fragment was used as a probe in colony blot and Southern blot analyses.
Colony blot and Southern blot hybridization. Genomic screened by using the 245-bp DNA fragment of IS986 as a probe. The recombinant clones pPH1001 apd pPH1002 were selected and used for further study. Comparison of the physical maps of the mycobacterial inserts showed that both plasmids contained overlapping fragments. The restriction maps were partially identical to that of IS986 ( Fig. 1 ) (8) . By comparing the physical maps of pPH1001 and pPH1002 with that of IS986, we deduced that the entire insertion element of M. bovis BCG was cloned. Sequence analysis of mycobacterial DNA inserts of pPH1001 and pPH1002 revealed that M. bovis BCG contained a sequence of 1,355 bp which is virtually identical to that of IS986 and IS6110 from M. tuberculosis ( Fig. 2) (16, 27) . The M. bovis BCG insertion element is designated IS987. This element carries two inverted repeats of 28 bp each, which are completely identical to the M. tuberculosis'IS elements IS986 and IS6110. Similar to the latter IS elements, the left and right inverted repeats in IS987 differ in three residues in the central part of the repeat. The IS987 sequence contains three ORFs, ORFa, ORFb, and ORFc. The derived amino acid sequence of ORFc is identical to the homologs in IS986 and IS6110. ORFb differs from the IS986 homolog in the first two amino acids and is identical to the IS6110 homolog. However, ORFa in IS987 is one single ORF, whereas the homologous segment in IS986 and IS6110 is composed of two different ORFs, ORFal and ORFa2, as described by McAdam et al. (Fig. 3) (16) .
Flanking sequences of IS987. Analysis of the complete mycobacterial DNA inserts of pPH1001 and pPH1002 disclosed the sequence of a segment 486 bp left of, and 999 bp right of, IS987. A striking feature of these flanking sequences is the presence of multiple DRs of 36 bp, each separated by spacer DNA, 35 to 41 bp in length. These spacers are nonrepetitive, except for two, each of which was found twice in the sequence (Fig. 2) . Seventeen of 20 DRs were completely identical, whereas one nucleotide substitution was observed in two DRs. One DR was split by the insertion of IS987. This DR contained a 3-bp duplication (5'CCC), supposedly due to the integration of IS987. Such a 3-bp duplication has also been found in the target DNA of IS6110 (27) . No significant homology of the DR with DNA sequences present in the GenBank data library was found. Determination of the number of DRs flanking IS987 in M. bovis BCG. To investigate the number of DRs flanking IS987, we synthesized oligonucleotides that allowed the amplification of DR-containing sequences to the left and right of the insertion element. The primers used for this purpose are given in Table 3 and depicted schematically in Fig. 4 . The PCR that used the primer pairs IS-lI/DR-r and SP-l/DR-r resulted in multiple fragments with maximum sizes of 2.2 and 1.8 kb, respectively (Fig. 5a ). This result indicates that a 2.1-kb DR-containing segment is located to the left of IS987. In a similar way, when the primer pairs IS-rl/DR-I and SP-r/DR-l were used, the DR-containing region flanking the right border of IS987 was determined to be 1.5 The IS986 and IS6110 sequences are depicted in parentheses. These sequence data will appear in the EMBL, GenBank, and DDBJ Nucleotide Sequence Databases under the accession number X57835.
confirm that the multiple bands corresponded to the DRs, original X-ray film and could be counted. The total number the DNA was transferred onto a nylon filter and hybridized of DR copies flanking IS987 is 49. IS987 is inserted into the with the oligonucleotide DR-r. Since the multiple-banding 30th DR (DR30) from the left. We investigated the DR pattern was clearly visible in this Southern blot (Fig. 5b) (Fig. 6a) ISEVARLLGVGCAETVRKWVRQAQVDAGARPGTTTEESAELKRL RRDNAE ISEIARLLGV-CAETVRKWVRQAQVDAGARPGTTTEESAEIKRLRRDNAE ISEVARLLGVGCAETVRKWVRQAQVDAGARPGTTTEESAEIXRLRRDNAE *** ****** ***********************t***** ********* 8), all strains of the M. tuberculosis complex, except M. bovis BCG, showed a multiple-banding pattern unique for each strain. Interestingly, in all strains of the M. tuberculosis complex tested, at least one copy of the IS element was located on the NruI fragment containing the DR cluster (Fig. 6b) . This finding could suggest that, in these M. tuberculosis complex strains, an IS element is located within the DR cluster, as in M. bovis BCG. To investigate this possibility, genomic DNA from M. bovis BCG and M. tuberculosis was digested with PvuII, which cleaves the IS element at a single site (Fig. 1) . Blots carrying the separated chromosomal PvuII fragments were hybridized with the oligonucleotide probe DR-r and, subsequently, with the 245-bp fragment of IS986. In all M. bovis BCG strains tested, a 1.9-kb fragment hybridized with both DNA probes, as expected from the DNA sequence of IS987 and its flanking regions. In contrast to the IS probe, the DR probe also hybridized with a 4.0-kb PvuII fragment, representing the DR-containing region left of IS987, and with a 2.9-kb PvuII fragment, which is located rightwards from the 1.9-kb PvuII DR-containing fragment ( Fig. 7a and b) . We conclude that all eight M. bovis BCG strains do not differ with regard to the chromosomal position of the IS element and copy number of the DRs. Fourteen M. tuberculosis strains were analyzed in a manner similar to that used for the M. bovis BCG strains. In all strains except one, both the IS probe and the DR probe cohybridized with either one or two PvuII fragments (Fig. 7c and d) , suggesting the presence of one or two IS copies, respectively, in the chromosomal DR cluster. In four M. tuberculosis strains, a 1.9-kb cohybridizing PvuII fragment was found similar to that in the M. (Fig. 7c) indicated variation in the integration site of the insertion element in the DR region and/or polymorphism in the DR region. We examined the exact loctation of the insertion element within the DR region in the set of 15 M. tuberculosis strains, including the 14 strains which were analyzed in the previous section. This was performed by PCP4 by using the primer pair US-r/IS-l, which corresponds to a nonrepeated, unique spacer sequence and a sequence in the left part of IS987 (Fig.  4) . By using this primer pair, a 547-bp sequence from M. bovis BCG strain 44 was amplified (Fig. 8 ). An identically sized fragment was amplified from six M. tuberculosis strains, indicating that the IS element was located exactly at the same position in the DR region. A limited number of differently sized fragments were amplified from DNA of seven other M. tuberculosis strains. In these strains, fragments of either 300 or 400 bp were generated. From one strain, two fragments of 300 and 600 bp were amplified. Three strains did not allow the amplification of DNA. These data again indicate that polymorphism in the DR region occurs among the M. tuberculosis strains. Polymorphism in the size of the DR-containing region among various M. tuberculosis strains. We further analyzed the DR-containing region of the 8 M. bovis BCG strains described in Fig. 7 were analyzed in the previous section. To determine the size of the DR-containing DNA, the amplimer pairs IS-lI/DR-r and IS-r/DR-l were used in the PCR (Fig. 4) . The amplified fragments were analyzed by Southern blotting by using oligonucleotide probe DR-r. Consistent with previous findings ( Fig. 7a and b (Fig. 9) , indicating again polymorphism of the DR-containing region on the chromosome of these M. tuberculosis strains. As expected, the M. tuberculosis strain which did not contain an IS element in the DR region ( Fig. 7c and d; lane 3) lacked the multiple-banding pattern. We established the presence of two IS elements in the DR region of five M. tuberculosis strains described in Fig. 7 by using chromosomal DNA and the amplimer pairs IS-I/IS-1, IS-l/IS-r2, and IS-r2/IS-r2 in the PCR (Fig. 4) . None of the M. tuberculosis DNAs showed an amplified fragment with the amplimer pairs IS-VIS-1 and IS-r2/IS-r2. However, when the amplimers IS-1 and IS-r2 were used in the PCR, a fragment of 700 bp was amplified in four M. tuberculosis strains, whereas one M. tuberculosis strain contained a 350-bp amplifiable fragment (Fig. 10) . We conclude that in these two groups of M. tuberculosis strains, the two IS elements in the DR region are located in a direct orientation and the distances between the two IS elements are 500 and 150 bp, respectively.
DISCUSSION
In this study we showed that the M. bovis BCG insertion element IS987 is virtually identical to the previously described IS elements IS986 and IS6110 from M. tuberculosis. The only biologically significant difference is the presence, in IS987, of ORFa in one single ORF, whereas IS986 and IS6110 contain ORFa composed of two different ORFs (16 lational frameshifts in ORFal and ORFa2, respectively (16 The amplimers IS-l and US-r were used in PCR. The M. tuberculosis strains analyzed in lanes 1 to 14 correspond to the M. tuberculosis strains described in Fig. 7c and d, lanes 1 to 14, respectively; Fig. 7c and d, lanes 1 to 14, respectively; 
